This paper presents an innovative Power System Restoration (PSR) that exploits the flexibility offered by large offshore wind parks, in particular with HVDC connection with Voltage Source converter (VSC) technology, to support restoration following a black out in a typical transmission grid. Restoration sequences comparing different strategies in a VHV AC network with conventional generation (thermal units and hydro units) were implemented for two cases: with and without the participation of a large offshore wind farm in the restoration plan. In order to evaluate the benefit of using Utility scale Wind Parks to support PSR, a typical transmission network with all its models (including HVDC link with DC converter) was implemented in EUROSTAG simulation platform.
Introduction
Over the last years there has been a significant increase in the integration of renewable based energy sources in the electrical system, such as wind, solar and biomass. This new generation paradigm has been fostered by the "climate and energy package" (also known as the 20-20-20 targets), that was agreed by the European Parliament and Council in December 2008 [1] , establishing very ambitious targets for renewable energy integration in all EU countries. In this context, renewable based Distributed Generation (DG) allows exploiting geographically dispersed renewable energy resources, leading to a new electric power system development paradigm. However, to accomplish the ambitious targets for 2020, there has been a significant investment in large wind farms (WF) connected directly to transmission networks. These large wind parks, both onshore and offshore, connected at very high voltage levels and with large installed capacities, are defined as Utility scale wind parks [2] . The large scale integration of renewable based energy sources has however a significant impact in power system operation. In effect, these large shares of variable energy sources replace conventional synchronous units (such as thermal), thus reducing system inertia as well as frequency and voltage regulation capabilities. This fact, together with the need of exploitation the network closer to its technical limits has exposed the power systems to vulnerabilities, being the worst consequence the occurrence of blackouts that may cover large geographical areas. Since electricity is a basic need in today's world, a blackout carries very large social and economic losses, thus requiring a way to achieve system restoration as fast as possible [3] . In the new generation paradigm, where conventional power stations are frequently out of service in order to accommodate large amounts of wind power injections, the number of generation units for the restoration phase can be limited due to the time constraints to its start-up and connection to the grid. In additional to typical units used in the initial phases of the restoration procedures (such as hydraulic or gas turbines), available resources such as wind generation, that currently offer enhanced control capabilities and thus high flexibility, can be a valuable resource to be integrated in the overall restoration procedure. Power system restoration after a general blackout is a complex and time consuming task, which is very dependent on specific characteristics of the power system in analysis. Recent work has demonstrated the possibility of exploiting small scale distributed generation for restoration purposes in the distribution level [4] [5] . At the transmission level, system operators develop specific restoration schemes that meet their particular needs. Power system conventional restoration procedures are usually developed before any emergency situation occurs, adopting heuristic approaches, which reflect human operators experience to deal with the problem. Furthermore, the size and specific characteristics of actual power systems precludes the definition of a universal methodology [6] . The restoration plan is defined step by step, based on pre-defined guidelines and operating procedures, sometimes exploiting decision support tools, which are an extremely valuable resource to assist system operators [7] . The restoration procedure is focused on the plant preparation for restart, network energization and system rebuilding. Depending on system characteristics, a choice must be made between a strategy of energizing the bulk network before synchronizing most of the generators or a strategy of restoring electrical islands that will be synchronized [8] afterwards. Within conventional restoration plans, it is a common practice that DG and utility-scale renewable based energy sources are only reconnected when the grid is energized and present stable values of voltage and frequency. In order to create the technical conditions to allow a large scale integration of wind generation, Transmission System Operators (TSO) have been defining specific rules and conditions that WF should comply in order to be connected to the grid. Therefore, new WF behave as a Virtual Power Plant (VPP), being capable of providing ancillary services for voltage and frequency control. However, the capability to have these generation facilities participating in Power System Restoration (PSR), following a system black out, needs to be researched namely in the identification of the advanced control functionalities and requirements that wind farms must incorporate in order to actively participate in the restoration procedure.
A New Solution for PSR
Within the new generation paradigm presented, a combined approach to restoration procedures that includes utility scale wind farms connected to the transmission level and DG units connected into the distribution grid is clearly regarded as an added value. In this paper, the analysis will be focused mainly on the identification of the requirements and procedures to exploit large offshore wind parks connected at transmission level, since restoration using DG units connected at distribution level has already been a matter of thoughtful research [3] [4] . Considering the advanced features that power energy converters installed in utility WF may provide (namely: reactive power/voltage control, inertial emulation and primary frequency regulation capabilities), it is possible then to exploit these facilities to support PSR [9] [10] . By developing and exploiting these advanced control capabilities of utility scale wind parks, it is possible to include them earlier in the PSR process contributing, for example, to the control of the high reactive power produced by unloaded high voltage long transmission lines, followed by ramping up in a fast manner of some wind generation when load is stepping up. This coordinated approach will represent a significant improvement regarding the reduction of the restoration times, leading to smaller economic and social costs. Although service restoration requires the availability of synchronous units with black start capability (hydraulic units or gas turbines), the development of the restoration process requires the participation of other type of units that might not be ready to run, due to the large volume of renewables integration existing prior to the blackout. Therefore, in order to reduce the restoration times, plants such as large WF that can be quickly connected to the grid (even those built in offshore areas and connected to the grid through HVDC technology) need to be considered in the overall restoration procedure. Therefore, the key challenges of this approach are identifying the rules and conditions for large offshore wind parks integration in the PSR plan, as well as the rules that will enable the increase of restored load and restoration time reduction. For that purpose, in this research one has developed restoration sequences comparing strategies implemented over a VHV AC network with conventional generation (thermal units and hydraulic units) for two cases:
1) Without the participation of wind generation; 2) With a large offshore WF participating the restoration plan. The most elementary HVDC offshore transmission system consists on a WF connected to a rectifier, a DC power transmission cable and an inverter connecting the DC system to the mainland AC system. Depending on the types of solid state switches used both for the rectifier and for the inverter, two different HVDC solutions are possible: (1) HVDC line commutated converter (HVDC-LCC) if thyristor valves are used or (2) HVDC voltage source converter (HVDC-VSC) if IGBT valves are used. Although HVDC-LCC is a robust solution used for many years for bulk power transmission, HVDC-VSC seems to be the most promising technology for large-scale offshore WF integration since it enables the independent control of active and reactive power, voltage support at the offshore WF site and even allows black-start procedures. In order to test these restoration plans, EUROSTAG was used as the simulation platform. Dynamic models for the different generator types, including their voltage and frequency regulation loops (plus the over and under excitation limiters) were adopted, exploiting the available models from the EUROSTASG library [12] . The offshore wind park was modelled using macroblock advanced modelling tool and connected to the grid using a dynamic injector (P,Q). A similar approach can be adopted for onshore WF.
Characteristics and Models of the Wind Energy Converters and HVDC-VSC Stations
Large offshore WF are assumed to be connected to shore through an HVDC link. The WF considered is equipped with Permanent Magnet Synchronous Generators (PMSG) that are connected to the onshore AC grid by an AC/DC/AC converter. A single equivalent generator is used to model the offshore WF. In order to endow offshore WF with the capability of participating in primary frequency control services, it is necessary to introduce additional control functionalities in the HVDC-VSC stations. It is important to mention that the main objective of the additional control is to make possible that the offshore DC connected WF contributes to mainland primary frequency regulation. In this research it was assumed that the solution described in [11] was implemented, such that frequency changes in the mainland grid are proportionally converted into DC voltage changes, through a droop control approach implemented at the onshore HVDC station. Afterwards these DC voltage changes are converted by the offshore HVDC station into frequency changes, exploiting another droop control approach. Then it is assumed that wind generators can be operated on a deloaded maximum power extraction curve to be able to provide primary frequency control following a similar approach to the one described in [9] [10] . The frequency droops for the onshore and offshore converters can be adjusted centrally in a coordinated way by the system operators, according to the specificities of the AC onshore system operating conditions. Regarding the provision of reactive power / voltage control, the HVDC-VSC is assumed to be capable to provide such functionality, behaving in a similar way to a STATCOM, i.e. injecting reactive power proportionally to the terminal voltage changes. For the case of the offshore WF, the full reactive capacity of the HVDC VSC converter was made available to support the PSR procedure (after being connected to the grid) providing an extremely fast and valuable control capability to the grid, by absorbing the excess of reactive power that may exist in the first steps of the restoration scheme, namely due to the energization of unloaded transmission lines. The macroblock scheme used to model the dynamic behaviour of this offshore WF and its HVDC interconnection is described in the next figure. 
Identifying PSR Sequences
The identification of the sequence of actions that need to be taken in order to restore the system to its pre-blackout state (namely picking up all the load previously connected) was developed using a step by step procedure as follows:
• Energize the bus of the generator that has black start capability and that has adequate capacity to absorb reactive power generated by unloaded transmission lines following its energization; • Energize the HV lines, while keeping control of the voltage on the grid using the generators reactive power absorption capability; • Connect some steps of load by energizing feeders in substations already connected to the grid.
• Keep on connecting other generators following the energization of their auxiliary services and after a minimum time required to have the generators ready to be synchronized with the grid. While developing this sequence the following operational restrictions were kept under control:
• Frequency excursions in the range of [-0,5; +0,2] Hz • Maximum overvoltage 1,1 p.u. during 5 s.
• Minimal time between operations:
• Start-up time thermal units: 20 minutes.
• Start-up time hydraulic units: 5 minutes.
• Grid operations: 40 seconds.
These values can be adjusted case by case, according to the grid operational characteristics and protection systems. When including wind generation in the PSR, identifying the timings and step volumes of wind power connection becomes one of the major concerns of all this procedure. Simultaneously, the need of having specific requirements over existing wind turbines, namely the capability of deloading operation and provision of primary frequency regulation needs to be addressed in detail. A typical approach consists in exploiting WF below its maximum power extraction capability, hence creating a spinning reserve margin. Additionally, the use of a local control loop at the wind turbine level, whose input variable is the frequency deviation, allows the control of the turbine power output for primary frequency regulation purposes.
The Test Systems
The test system used to evaluate and identify the possibility of having WF participating in the PSR procedure is described in next figure. It is composed by 22 buses, 4 conventional generators using synchronous machines, 2 hydraulic and 2 thermal-fossil steam units. When evaluating the test case including the offshore WF, it was assumed its connection to bus 12. The nominal voltage of the grid is 380 kV. UEL2 multisegment [11] Detailed data about the characteristics of the lines, transformers and load can be obtained upon request. The main characteristics of the conventional generators (nominal power, unit type, type of voltage and speed regulators) are described in the previous table.
It was considered that the all substation load is fully reestablished when we reach 90 MW and 30Mvar at each bus load. The line connecting to the off-shore HVDC VSC is considered to be long. After energizing the HVDC grid, the wind power generation pick-up was incremented by steps, connecting clusters of wind generators every 30 seconds. In this case, it is assumed that the onshore HVDC-VSC is energized after the blackstart of some synchronous units followed by the energyzation of the path that allows the synchronization of the onshore HVDC-VSC station. Thereafter, the HVDC link is also assumed to become energized thus allowing the blackstart of the offshore HVDC-VSC station, which is followed by the step by step connection of offshore wind generators.
Power System Restoration Sequences
Two PSR sequences were identified, following the rules and restrictions described before for the 2 cases: a) without wind generation and b) with offshore wind generation.
Case a)
First it is essential that the crank up power for the generators is provided to those units that are not energized and don't have backstart capability. By then, the first action is to energize the bus1 providing crank-up power to the generator Gen1. Since Genref can't absorb the extra reactive power created by connecting a line, the restoration process can't go further until Gen1 is online. After 20minutes the thermal unit Gen1 is operational and the system restoration can now resume, the lines 3-9 and 9-13 breakers are closed leading power to the buses 10 and 14 where the hydraulic unit Gen2 and thermal unit Gen3 are installed. The crank-up power is given to these units and they can now begin the start-up process. During the time it takes for these units to become operational, the loads in the energized area of the grid are picked up in small increments, avoiding frequency deviation below 49.5Hz. As soon as Gen2 is online, the lines 3-4 and 13-17 breakers are closed and a new sequence of load pick up is established, then the lines 13-19 and 19-21 are closed and another sequence of load pick up is done until Gen3 is operational. With this unit online that has the highest rated power in the system, the rest of the power grid can be energized, the line 9-11 (that is the longest and consequently the one that creates most reactive power) can now be closed, followed after by the line 13-15. The final step is this restoration plan is the final load pick up and with this providing power to the rest of the consumers and finalising the power system restoration sequence.
The PSR sequence of events that was identified for case a) is described in a synthetic manner in the table II. Next figures describe system voltage and frequency evolution during the PSR sequence tested in this case. The total system restoration time (picking up the whole 720 MW) was for this case 46.6 minutes. The not served energy to the consumers during the PSR procedure was in the amount of 148.75 MW/h. The most critical issues that had to be tackled during the PSR procedure are the following:
• When the load increments are lower in the same sequence, this is due to the fact that the system reached a point where it cannot withstand more load without the frequency to decline beyond the limit. The generation units are working close to their limit.
• At 2340s it's clearly visible in the frequency figure that the generation unit reached their rated power. That being said, after the load increment the frequency does not come back to 50Hz but remains higher than 49.5Hz. After Gen3 is operational the frequency is restored to its normal value.
Case b)
When developing this PSR sequence additional restrictions were included, in what concerns the offshore WF contribution. These restrictions were related with minimal time between operations:
• Start-up time wind generation units: 40 seconds • Wind generation power pick-up: 30 seconds
The system restoration process with offshore WF is similar in the beginning to case a), meaning that only after Gen2 becomes operational some changes occur in the restoration process. Until that moment the system cannot withstand the reactive power generated by the line 9-11. So, when Gen2 is online the restoration process resumes by closing the line 9-11, and with this connecting the offshore wind farm with the power grid. When the wind generation starts-up, it involves a sequence of connection of 3 power clusters, leading to the power injections into the grid, picking up power in the wind farm to 8% of its rated power, corresponding to 40MW. After this, the line 13-19 is closed and load 20 is picked up, then the line 19-21 is also closed and the load 22 is picked up. Since the line 19-21 is the smallest, it was decided to energize this segment of the grid first, as the losses are smaller and the power picked up is higher ( two loads in the system and so a higher amount of power is provided in the PSR. A new sequence of power increase in the system is performed by injecting more power from the wind farm, connecting more wind turbines to the grid. Then, the lines 13-17 and 3-4 are closed, noting that between these events the loads that are connected to the buses 18 and 5 are picked up. A final power injection by the wind farm is made, connecting a total 16 wind turbines, with a rated power of 2MW each, providing more 32MW to the system. This value is achieved in two distinct power clusters, in order to respect the frequency increase limit. After this, more load is picked up until Gen3 is operational. Finally, line 13-15 is closed and the remaining loads are full energized. The PSR sequence of events that was identified for case b) is described in a synthetic manner in the next table. Next figures describe the way how the frequency and voltage has changed in the system during the PSR procedure. In this case the wind generators of offshore wind farm were set with a deload of about 10%. During the PSR procedure, the level of deloading of the wind generators can be increased in order to increase their participation in primary frequency control. The participation of these wind generation units in the primary frequency and voltage control of the grid can be observed in figures 7, 8 and 9. Regarding figure 7, the step increases and the changes in wind power generation correspond to the connection of the cluster of wind generators and their participation in frequency regulation. These values appear as negative, because the WF is represented in EUROSTAG as a power injector (negative load). These negative injections of power correspond to positive injections of active power into the HV grid. From figure 8, one can observe that the VSC of the offshore WF was contributing significantly to voltage control, by responding in a very fast manner to reactive power increases that take place when new lines are being energized. In this case the injections of reactive power are positive in the figure, but correspond to absorption of capacitive reactive power from the grid. This provides an interesting contribution to ease the PSR procedure in what concerns voltage control on the grid. The deloading of the turbine systems creates a power reserve that can be rapidly injected in the system to assist frequency control. In this study we considered a 10% deloading of the active power. Figure 9 , shows in detail the response of the WF to frequency variations in the time frame between 1720 and 1800 seconds. In this period, there are three load pickups, decreasing significantly the systems frequency, and the maximum power available in the WF is 40 MW. When the frequency is at 50Hz, and considering the defined deloading, the WF will inject 36 MW. The decrease in the frequency leads the WF to inject the power reserve, hence the rapid variations seen. As the frequency is restored the WF injected power will decrease, not reaching the minimum value because the frequency will not reach its nominal value in time for the next load pickup. figure 9 , one can observe that after the energization of the offshore farm, the load pick up in the system is faster than in the scenario where no WF exists. This is due to the fact that the WF has a very large reactive and active power response, while in the scenario b) this response is splint by several conventional generation units that take some time to be connected.
Conclusions
This paper provides an initial study on the exploitation of large scale offshore WF within the development of PSR plans within a transmission grid. The large scale integration of renewables based generation lead to the displacement of synchronous units, which might not be ready to run in a short time to fully support the restoration phase. The increasing installation of offshore WF with high regulation capabilities provides an alternative to be considered in the initial phases of the restoration procedure. First, the energization of the busbar where the onshore HVDC-VSC station is connected provides additional voltage control capability, which is a key issue in the initial phase of the restoration process as a result of the energization on long transmission lines. Afterwards, the exploitation of a communication free control strategy to make offshore WF participation in primary frequency regulation provides also frequency regulation capability to the mainland grid being restored, which is also a key contribution provided the reduced inertia to provide system stability following load reconnection. Further research is however still required to optimize the restoration sequence.
